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SM, is a test of this hypothesis and is a major ompo-nent of the experimental programs at partile olliders.At the Fermilab Tevatron p�p Collider, this searh is ar-ried out using multiple statistially independent searhsamples, eah sensitive to di�erent Higgs boson produ-tion proesses and deay hannels, providing inreasedsensitivity in the searh for diret evidene for this SMmehanism [1, 2℄.This paper presents an extended desription of the pre-viously reported searh [3℄ for SM Higgs boson produ-tion through the proess p�p ! WH , in whih a Higgsboson is produed in assoiation with a W boson. Thesearh is based on data orresponding to an integratedluminosity L � 5:3 fb�1 olleted with the D0 detetorat the Fermilab Tevatron p�p Collider with a enter-of-mass energy ps = 1:96 TeV. The events are requiredto ontain a W ! e� or W ! �� andidate, thereby



4suppressing bakground from inlusive b-jet produtionproesses, and enhaning sensitivity to signal by severalorders of magnitude. The event seletion is also sensitiveto W ! �� events with � deay into eletrons or muons.The events are required to ontain a H ! b�b andidatebeause of large branhing fration for this deay in theMH region onsidered here (100 < MH < 150 GeV).The experimental signature is therefore a single isolatedlepton, an imbalane in the measured transverse energy(6ET ), and either two or three jets, at least one of whih isonsistent with having been initiated by a b quark. Thethree-jet sample is inluded to provide additional sen-sitivity for WH events ontaining gluon radiation fromthe initial or �nal state partiles of the hard ollision.The data are examined in separate searh samples of dif-ferent sensitivity and a multivariate random forest teh-nique [4, 5℄ is applied to eah sample, further enhaningsensitivity to signal.Diret searhes for the proess e+e� ! ZH at theCERN e+e� Collider (LEP) experiments set the SMHiggs mass to MH > 114:4 GeV [6℄. In addition, a �t toeletroweak preision measurements of the masses of theW boson and the top quark from both Tevatron and LEPexperiments leads to an upper limit ofMH < 161 GeV forSM Higgs prodution at the 95% C.L. [7℄. Both the CDFand D0 Collaborations have extensively investigated theWH assoiated prodution mehanism [8�13℄, and a re-gion at larger 156 < MH < 177 GeV has also been ex-luded at 95% C.L. by diret searhes for H ! W+W�deays [14℄. Results from the CERN Large Hadron Col-lider (LHC) Collaborations [15, 16℄ also exlude regionsat higher MH > 127 GeV and indiate that the mostinteresting region for the searh for the SM Higgs bosonis the one where the sensitivity of the searh disussedin this artile is maximal. The analysis presented hereis expeted to be a highly sensitive hannel in the massrange 100 .MH . 135 GeV.II. THE D0 DETECTORThe main omponents of the D0 detetor used in thisinvestigation are the traking detetors, alorimeters,muon detetors, and the luminosity system. Protons andantiprotons interat lose to the origin of the D0 detetoroordinate system whih is at the enter of the detetor.A right-handed Cartesian oordinate system is used withthe positive z-axis pointing along the nominal diretionof the inoming proton beam (the positive y-axis pointstoward the top of the detetor) and the pseudorapidityvariable, de�ned as � = � ln tan �2 , where � is the polarangle in the orresponding spherial polar oordinate sys-tem. The kinemati properties of partiles and jets aremeasured with respet to the reonstruted p�p ollisionvertex. More details on D0 onstrution and omponentdesign are available in [17, 18℄. Upgrades to the trakingand trigger systems were installed during the Summerof 2006 and the data samples olleted prior to and af-

ter this upgrade are referred to as pre- and post-upgradesamples in the following.A. Traking DetetorsThe D0 traking system surrounds the interationpoint and onsists of an inner silion mirostrip traker(SMT) followed by an outer entral sintillating �bertraker (CFT). Both the SMT and CFT are situatedwithin a 2 T magneti �eld provided by a superondut-ing solenoidal oil surrounding the entire traking system.The silion mirostrip traker is used for trakingharged partiles and reonstruting interation and de-ay verties. In the entral region there are six barrelsetions eah omprising four detetor layers. The bar-rel setions are interspersed and apped with disks om-posed of 12 double-sided silion wedge detetors. The�rst and seond detetor layers of eah barrel ontain12 silion modules and 24 modules are installed in thethird and fourth detetor layers. An additional innerlayer was added to the silion traker system in 2006[19℄. In the high j�j region on either side of the threedisk-barrel assemblies there are three further radial disksetions (F-disks), and in the far-forward region, large-diameter disks (H-disks) provide traking at larger j�j.The traks of partiles with j�j < 1:7 are measured usingthe CFT and the barrel and F-disk setions of the SMT,whereas traks for partiles at larger j�j are reonstrutedusing the the F- and H-disks.The CFT omprises sintillating �bers (835 �m in di-ameter) mounted on eight onentri support ylinders.The ylinders oupy the radial spae from 20 to 52 mfrom the enter of the beam pipe. The two innermostylinders are 1:66 m long whereas the outer six ylindersare 2:52 m long. The outer ylinder provides trakingoverage extending to j�j = 1:7.B. CalorimetersThe D0 alorimeter system is used to measure energiesas well as to identify eletrons, photons, and jets. Thealorimeter also helps to identify muons and provides ameasure of the 6ET in events. The entral alorimeter(CC) and the two end alorimeters (EC) are ontainedwithin three individual ryostats loated outside of thesuperonduting solenoid. The entral alorimeter oversdetetor pseudorapidities j�j . 1:1 and the end alorime-ters extend the range to j�j = 4:2. The ative material ineah alorimeter setion is liquid argon. Extending radi-ally outwards from the detetor enter, the alorimetersare sub-divided into eletromagneti (EM), �ne hadroni(FH), and oarse hadroni (CH) setions. The absorbermaterial of the EM setions is uranium, whereas for theFH setions a uranium-niobium alloy is used. The CHabsorbers are made of opper in the CC region and stain-less steel in the EC region. To improve measurements in



5the inter-ryostat regions (ICR), plasti-sintillator de-tetors and �massless gap� detetors are used to sampleshowers between ryostats, enhaning alorimeter over-age in the region 0:8 < j�j < 1:4.C. Muon DetetorsThe muon detetor system [20℄ onsists of a entralmuon detetor system overing the range j�j < 1 and aforward muon system that overs the region 1 < j�j < 2.The entral muon system omprises aluminum propor-tional drift hambers whereas aluminum mini drift tubesare used in the forward system. Sintillation ountersare inluded for triggering purposes, and 1.8 T toroidalmagnets make it possible to determine muon momentaand perform traking measurements based on the muonsystem alone.The proportional drift hambers are arranged in threelayers, one of whih (A layer) is loated within the toroid,with the remaining two (B and C) layers loated beyondthe toroid, with the C layer radially furthest from theinteration point. In the entral muon system, the B andC layers have three planes of drift ells. The A layer hasfour planes, exept at the support struture at the bot-tom of the detetor, where the A layer has three planesof ells. In the forward region, mini drift tubes are ar-ranged in eight otants with four planes in the A layerwhile the B and C layers eah have three planes.D. Luminosity SystemThe D0 luminosity system is used to determine the in-stantaneous luminosity and also to measure beam-halorates. The system is omposed of two disks of sintil-lating tile detetors that are positioned in front of theECs on both sides of the D0 detetor at z = �140 m.Eah of the disks onsists of 24 plasti sintillation oun-ters that over pseudorapidity regions 2:7 < j�j < 4:4.The total integrated luminosity (L) is determined via theaverage instantaneous number of observed inelasti ol-lisions (Ninel), aording to fNinel=�inel, where f is thefrequeny of p�p Tevatron bunh rossings, and �inel is thee�etive inelasti prodution ross setion [21℄ within theluminosity system aeptane, after taking into aountbeam-halo events and multiple ollisions within a singlebeam rossing. In pratie, Ninel is alulated by invert-ing the Poisson probability of observing no hits in eitherof the two disks [22℄.III. TRIGGERINGThe D0 trigger system has three levels referred to asL1, L2, and L3. Eah onseutive level reeives a lowerrate of events for further examination. The L2 software-based algorithms re�ne the L1 information they reeive

and the L3 software-based algorithms then run simpli�edversions of o�ine identi�ation algorithms based on thefull detetor readout.TheW ! e� andidates of this searh are olleted us-ing the logial OR of di�erent triggers requiring a andi-date eletromagneti objet. The L1 eletron triggers re-quire alorimeter energy signatures onsistent with thoseof an eletron. The logial OR also inludes trigger algo-rithms requiring an eletromagneti objet together withat least one jet, for whih the L1 requirement inludes aalorimeter energy deposition expeted for jets at largetransverse momenta pT . The triggers have di�erent min-imum eletron and jet pT thresholds, and eah has a typ-ial e�ieny of (90�100)% for the signal events satisfy-ing the seletion requirements disussed below, depend-ing on the trigger type and sampled region of the dete-tor. The trigger e�ienies are determined using samplesof Z=� ! e+e� events and are modeled as funtions ofthe pT and � of the leading (largest pT ) eletromagnetiobjet in the event. Event weights are used to apply themeasured trigger e�ienies to the simulated signal andbakground samples. Sine the triggers undergo periodihanges, these e�ienies depend on spei� running pe-riods. In partiular, an improved alorimeter trigger wasadded during the 2006 detetor upgrade [23℄.W ! �� andidates are triggered using the logial ORof the full set of available triggers and expeted to be fullye�ient for the seletion riteria used. For muons, the se-leted pseudorapidity range of this analysis is j�j < 1:6,where the majority of the events are olleted by triggerswhih require a large-pT muon at L1 (single-muon trig-gers). The e�ieny of the single-muon triggered om-ponent of the data is determined using Z=� ! �+��events, again separately for spei� running periods. Itis typially � 70% and is well modeled in simulation.The remainder of the events are olleted primarily us-ing jet triggers. The e�ieny for these triggers is deter-mined separately by taking the ratio of this omponentof the triggered dataset to Monte Carlo (MC) simulationwith triggering probabilities set to unity (after orretingthe data for multijet (MJ) bakground as desribed sepa-rately in Se. VII). The ratio is parameterized as a fun-tion of the salar sum (HT ) of the transverse momenta ofthe jets in the event, and ompared to the well-modeledsingle-muon triggered dataset. The simulated probabilityfor events to pass at least one of the single high-pT muontriggers is then saled to the e�ieny of the omplete setof triggers used. The most reently olleted data or-respond to the highest instantaneous luminosities, andbeause di�erent proportions of multijet, 6ET+jet, andmuon+jet triggered events are observed as a funtion ofluminosity, the additional probability fator is omputedseparately for events olleted before and after the 2006D0 upgrade. The remaining triggers provide a gain inprobability of � 0.23 before the 2006 upgrade and rangefrom 0.23�0.33 following the upgrade.After additional detetor status quality requirements,applied to ensure subdetetor systems are operational,



6the total integrated luminosity is L = 5:32 fb�1 for theeletron hannel and L = 5:36 fb�1 for the muon han-nel. The ontribution to the total integrated luminosityfrom the pre-2006 upgrade part of the dataset is about1 fb�1 in eah ase. The unertainty on the experimen-tally measured integrated luminosity is 6:1% [22℄ and isdominated by the unertainity in the e�etive inelastiprodution ross setion [21℄.IV. IDENTIFICATION OF LEPTONS, 6ET ,AND JETSCandidate events with W bosons are seleted by re-quiring a single reonstruted lepton together with large6ET and the seleted W ! `� samples are also requiredto ontain either two or three reonstruted jets.Eletrons of pT > 15 GeV are reonstruted in theCC or EC alorimeters in the pseudorapidity regionsj�j < 1:1 and 1:5 < j�j < 2:5, respetively. In theCC (EC), a shower is required to deposit 97%(90%)of its total energy (as measured in a one of radius�R = p(��)2 + (��)2 = 0:4) within a one of radius�R = 0:2 in the eletromagneti layers. The showersmust have transverse and longitudinal distributions thatare onsistent with those expeted from eletrons. Inthe CC region, a reonstruted trak, isolated from othertraks, is required to have a trajetory that extrapolatesto the EM shower. The isolation riteria restrits the sumof the salar pT of traks of pT > 0:5 GeV within a hol-low one of radius �R =p(��)2 + (��)2 = [0:05� 0:4℄surrounding the eletron andidate to < 2:5 GeV. Ad-ditional information on the number and salar pT sumof traks in one of radius �R = 0:4 surrounding theandidate luster, trak to luster mathing probability,the ratio of the transverse energy of the luster and thetransverse momentum of the trak assoiated with theshower, the EM fration, and lateral and longitudinalshower shape harateristis are used to onstrut CCand EC eletron likelihood disriminants. The disrim-inants are trained using Z=� ! e+e� events and areapplied to ensure that the observed partile harateris-tis are onsistent with eletrons [24℄.Muons of pT > 15 GeV are seleted in the regionj�j < 1:6. Muons are required to have trak segmentsin both the A and B or C layers of the muon dete-tors, with a spatial math to a orresponding trak inthe entral traker. The salar sum of the pT of trakswith �R < 0:5 around the muon andidate is requiredto be less than 2:5 GeV. Furthermore, transverse en-ergy deposits in the alorimeter in a hollow one of�R = [0:1 � 0:4℄ around the muon must be less than2:5 GeV. To suppress MJ bakground events whih orig-inate from semileptoni deays of hadrons, muon andi-date traks are required to be spatially separated fromjets by �R(�; j) > 0:5. To suppress osmi-ray muonssintillator timing information is used to require the hitsto oinide with a beam rossing.

In addition to the seletion riteria listed above, ele-trons and muon samples are also seleted using muhlooser reonstrution riteria. For the eletron hannel,less restritive alorimeter isolation and EM energy fra-tion riteria are used and the likelihood disriminants arenot applied. For the muon hannel, less restritive energyisolation and trak-momentum riteria are used. Thesesamples are used only for the determination of the MJbakground ontributions to the �nal seleted samples asdesribed in Se. VII.The 6ET is alulated from individual alorimeter ellenergies in the eletromagneti and �ne hadroni partsof the alorimeter and is required to be 6ET > 20 GeVfor both the eletron and muon hannels. It is orretedfor the presene of any muons. All energy orretionsto leptons and to jets (inluding energy from the oarsehadroni layers assoiated with jets) are propagated tothe 6ET .Jets are reonstruted in the alorimeters in the re-gion j�j < 2:5 using the D0 Run II iterative midpointone algorithm, from energy deposits within ones of size�R = 0:5 [25℄. To minimize the possibility that jets areaused by noise or spurious energy deposits the frationof the total jet energy ontained in the EM layers of thealorimeter is required to be between 5% and 95%, andthe energy fration in the CH setions is required to beless than 40%. To suppress noise, di�erent ell energythresholds are also applied to lustered and to isolatedells. The energy of the jets is saled by applying a or-retion determined from +jet events using the same jet�nding algorithm. This sale orretion aounts for ad-ditional energy (e.g., residual energy from previous bunhrossings and energy from multiple p�p interations) thatis sampled within the �nite one size, the alorimeterresponse to partiles produed within the jet one, andenergy �owing outside the one or moving into the onevia detetor e�ets (e.g the de�etion of partiles by themagneti �eld). Details of the D0 jet energy sale or-retion an be found in [26℄.In addition to the previously mentioned jet energysale orretion, derived using +jet events, residual al-ibration di�erenes between simulated and data-seletedjets are also studied using Z(! e+e�)+jet events. Anadditional energy realibration and an energy smearingare then determined to adjust the pT imbalane betweenthe Z boson and the reoiling jet in simulation to thatobserved in data. The orretion is applied in simulationto gluon-dominated jet prodution proesses. Di�erenesin reonstrution thresholds in simulation and data arealso taken into aount.The jet identi�ation e�ieny and jet resolution areadjusted in the simulation to math those measured indata. Following the 2006 upgrade of the D0 detetorto handle higher instantaneous luminosity, all jets arealso required to satisfy additional riteria for originatingfrom the primary p�p vertex (�vertex on�rmation�). Theriteria are that the jets have at least two traks, eah ofwhih have pT > 0:5 GeV, at least one hit in the SMT



7detetor, and distanes of losest approah (DCA) of <0:5 and < 1:0 m from the primary p�p interation vertexin the transverse plane and along the z-axis, respetively.V. TAGGING OF b QUARK JETSThe �nal sample of WH andidate events is seletedby requiring that at least one of the jets produed inassoiation with the W boson is onsistent with havingbeen initiated by a b quark, using the neural network(NN) b tagging algorithm desribed in detail in [27℄.Jets onsidered by the b-tagging algorithm are requiredto pass a �taggability� requirement that utilizes harged-partile traking and vertexing information. The e�-ieny of this requirement aounts for variations in de-tetor aeptane and trak reonstrution e�ienies atdi�erent z-position values of the primary vertex (PV)through the interation region, prior to the appliationof the b-tagging algorithm, and depends on the z-positionof the PV and the � of the jet. More details on the reon-strution and seletion of the primary interation vertexare available in [27℄. The taggability requirement is that aalorimeter jet be mathed to a trak-jet within an angu-lar separation of �R < 0:5. Trak-jets are formed start-ing from seed traks of pT > 1 GeV with at least one hitin the SMT detetor and DCA requirements of < 0:15 mand < 0:4 m to the primary vertex in the transverseplane and along the z-axis, respetively. The other traksused to form trak-jets must have pT > 0:5 GeV. To re-due the probability of misidenti�ed seondary verties,traks onsistent with the deay of a long lived parti-le (e.g. Ks;�) or a onverted photon are also removed,before appliation of the b-tagging algorithm.The e�ieny of the taggability requirement in the se-leted samples is studied in data and in simulation, infour z-vertex intervals, as a funtion of jet � and pT .Corretion fators are determined and applied to the MCseparately for the pre- and post-upgrade parts of the sim-ulated samples. The orretions, whih are of order 1%,are applied as a funtion of jet � (post-upgrade) and jetpT (pre-upgrade). More details on jet taggability an befound in [27℄.The NN b-tagging algorithm uses seven input variables,�ve of whih make use of seondary deay vertex infor-mation. These are the invariant masses (alulated fromall ontributing traks assuming the pion mass) of se-ondary verties, the number of traks used to reonstrutthe seondary vertex, the �2 of the seondary vertex �t,the deay length signi�ane of the seondary vertex withrespet to the primary vertex in the transverse plane,and the number of seondary verties reonstruted inthe jet. Two further impat-parameter-based variablesare also used. The �rst is a disrete signed impat pa-rameter signi�ane variable, whih is a ombination offour quantities related to the number and the quality oftraks within a one of radius �R = 0:5 entered on thealorimeter jet. The seond is a ontinuous jet-lifetime

variable, whih is used to assign a total probability thattraks within a jet are onsistent with the primary vertexposition. The variable is alulated using the produt ofindividual trak probabilities, whih indiate the likeli-hood that eah trak is onsistent with the primary ver-tex position. The individual probabilities are based onthe impat parameter resolution of the traks. The trakimpat parameters are given the same sign as the salarprodut of the trak DCA in the transverse plane and thejet pT . The negative signed region is used to alibrate theimpat parameter resolution whereas traks with positivevalues are used to alulate the total lifetime probability.VI. MONTE CARLO SIMULATIONAt eah step of the seletion, the data are omparedto preditions obtained by ombining the MC simulationof SM bakgrounds with a data-based estimation of theinstrumental bakground from MJ events ontainingmisidenti�ed leptons (disussed separately in Se. VII).All generated samples are passed through a detailed,geant-based simulation [28℄ of the D0 detetor and thesame reonstrution algorithms used for data. Separatesimulations are applied for onditions prior to and afterthe 2006 detetor upgrade. The SM preditions are usedto set the relative normalizations for all of the generatedsamples, and additional reweighting fators are thenapplied to normalize samples generated using the leadingorder (LO) alpgen [29℄ MC event generator to data.These fators are determined prior to the appliationof b-tagging (see Se. V), where the signal ontributionis expeted to be negligible, and these are determinedsimultaneously with the MJ bakground, whih is alsoobtained from data. The impat of multiple p�p inter-ations and detetor noise is aounted for by addingdata events reorded during random beam rossingsto the simulated events before they are reonstruted.The instantaneous luminosity pro�le of these events ismathed, prior to the appliation of b-tagging, to thatobserved in the seleted data samples. For all the MCsamples the e�ets of beam remnants and of multiplepartoni interations (underlying event) are modeledusing the pythia parameters obtained from data in [30℄.� WH prodution: The WH assoiated produtionproess, with subsequent deay of the Higgs boson to ab�b quark-antiquark pair, is modeled using the pythia[31℄ MC event generator, aording to the presription of[32�36℄ and the LH2003 Working Group [37℄. The eventsare generated using the CTEQ6L LO parton distributionfuntions [38℄ with the renormalization and fatorizationsales set to the Higgs boson mass MH .Eleven samples in total are generated, for MH valuesspanning the range MH = 100 � 150 GeV in intervalsof 5 GeV. Similarly, a set of eleven q�q ! ZH signalsamples is also generated with pythia to model thesmall ontribution of signal events from ZH assoiated



8prodution that passes all seletions. These events areseleted if one of the leptons from the deay Z ! `+`�is either not reonstruted or is produed outside of thedetetor aeptane. The WH and ZH samples arereferred to olletively as WH in the �gures and theremainder of the text.� W+light partons: The SM bakground proessesW (! `�)q�q, where q represents light quarks (u, d, s)and gluons, are generated using the LO MC matrixelement event generator alpgen aording to theparton-level ross setion alulations of [39℄. Separatesamples are generated for light-parton multipliities0; 1; 2; 3; 4; and � 5 with eah ase generated for eah ofthe �nal-state deay lepton �avors ` = e; �, and � . Thepythia generator is used to aount for the subsequenthadronization and development of partoni showers.The MLM fatorization (�mathing�) sheme [29℄ is usedto avoid the possibility of overestimating the probabilityof further partoni emissions produed in pythia. Thesamples are then normalized to data as desribed inSe. VI A. To avoid double ounting of heavy quarks,Wb�b and W� events, whih are generated separately asdesribed below, are removed.� Z=�+light partons: A orresponding set ofZ=�(! ``)q�q samples are generated for light-partonmultipliities 0, 1, 2, and � 3. These samples alsoinlude eah of the lepton �avors ` = e; �; and � .The Z=� ontributions are generated over the Z=�mass region M`` = 15 � 250 GeV for ` = e; �, andM`` = 75 � 250 GeV for � deays. The ombinedW (! `�)q�q and Z=�(! ``)q�q samples are referred toas W+light in the �gures and the remainder of the text.� Wb�b, W�: The hannel W (! `�)b�b and alsothe hannel W (! `�)� (referred to olletively asWb�b) are generated using alpgen also aording tothe initial presription of [39℄. The pythia generatoris again used to aount for subsequent shower devel-opment and the MLM mathing sheme is again usedfor the treatment of further partoni emissions. Fourseparate samples are generated for 0; 1; 2; and � 3additional light partons. To avoid double ounting,W� states are removed from the W (! `�)b�b samples,and no events are removed from theW (! `�)� samples.� Z=�b�b, Z=��: Corresponding samples ofZ=�(! ``)b�b and Z=�(! ``)� events are generatedfor eah lepton �avor ` = e; �; � and for 0, 1, and� 2 additional light parton multipliities. The om-bined W (! `�)b�b, W (! `�)�, Z=�(! ``)b�b, andZ=�(! ``)� samples are referred to as Wb�b in the�gures and the remainder of the text.� t�t: The bakground from t�t interations is generatedusing alpgen, again interfaed with pythia, andusing the MLM mathing sheme. The ross setion

preditions ontain the most important terms of thenext-to-NLO orretions [40℄. The t�t ! b�b + `+�`0���`0and t�t! b�b+2j+`� �nal states are onsidered, inluding0; 1; and 2 additional light parton multipliities, and alldeay lepton �avors ` = e; �; � .� Single top quarks: Bakground proesses ini-tiated by single top quark prodution are generatedusing CompHep [41, 42℄. The ross setions [43℄ arealulated at NLO and pythia is again used for subse-quent hadronization and partoni-shower development,along with the MLM mathing sheme. The s-hannel(t�b ! `�b�b) proesses and t-hannel (tq�b ! `�bq�b)proesses are generated for the three lepton �avors` = e; �; and � . The single top samples are referred toolletively as s� top in the �gures and the remainderof the text.� Diboson: Bakgrounds from the hadroni produ-tion of diboson pairs ( p�p ! V1V2, where V1; V2 = W�or Z=�) are simulated using pythia. The ross setionsare alulated at NLO aording to the presription of[44℄, obtained using the mfm program, and inorporat-ing spin orrelations in partoni matrix elements. Thediboson samples are generated inlusively for all bosondeay leptoni �avors ` = e; �; � and are referred to ol-letively as WZ in the �gures and remainder of the text.A. MC ReweightingDistributions of the summed W+light and Wb�b sim-ulated samples are ompared to data, prior to the ap-pliation of b-tagging, and orretions are developed toreweight shape disrepanies. The orretion fators areapplied, prior to the determination of the alpgen nor-malization fators. These orretions are motivated byprevious omparisons of alpgen with data [45℄ and withother event generators [46℄. The overall event yields arepreserved in the reweighting, and the same weight fun-tions are applied to all theW+jets alpgen bakgrounds,at reonstrution level in the MC.The reweighting funtions are determined from the ra-tio of the totalW+light andWb�b distributions to the or-responding distributions obtained from the high statis-tis seleted NdataW+jets omponent of the data. NdataW+jets isobtained after orreting the total seleted data sampleNdata for MJ bakground (NMJ) and the total expetedontributions from other SM bakground soures (NMCSM):NdataW+jets = Ndata �NMJ �NMCSM : (1)Prior to determining the alpgen reweightings, ali-bration di�erenes in data and MC for overlaid eventsin the post-2006 upgrade samples are orreted for. Tworeweighting onstants are applied whih sale down theMC, for the leading and sub-leading jet j�j distribu-tions, thereby improving detetor modeling in the inter-



9ryostat pseudorapidity region 0:8 < j�j < 1:4. Separateonstants are used for the positive and negative pseudo-rapidity intervals, for eah of the two leading jets. Thereweighting onstants redue the simulated ontributionby 1%�10%.The overall desription of the NdataW+jets lepton � dis-tribution as well as the orresponding leading and sub-leading jet � distributions are then adjusted by applyinga �rst-order polynomial reweighting funtion in �2 of thesimulated lepton � and seond-order reweighting fun-tions in �2 to the � of the leading and sub-leading jets.Only the two leading jets are reweighted in the W+3 jetseletions. These reweighting funtions have the primarye�et of improving the alpgen desription of the � dis-tributions by inreasing the MC omponent for j�j � 1:5.Disrepanies observed in the orrelation between thejet diretions �R(j1,j2) and the W boson pT are or-reted through two reweighting funtions in the two-dimensional �R�pWT plane. The funtional form is athird-order polynomial in �R(j1,j2), inreasing the alp-gen simulation by � 20% at large �R, times a on-stant plus Gaussian error funtion reweighting in W bo-son pT , applied to the W boson alpgen samples only,and whih primarily inreases the simulation by � 20%for pWT < 20 GeV. The pT distribution for Z=� produ-tion is also adjusted to agree with the observed distribu-tion. The systemati unertainties assoiated with thesereweightings are disussed in Se. X.B. alpgen Normalization FatorsTwo multipliative saling fators are used to normal-ize and to inorporate the e�ets of higher-order termsin the alpgen MC samples. The �rst fator, KW+jets, isapplied to both theW + light parton andWb�b generatedevents, whereas the seond multipliative fator, SWb�b, isapplied only to the Wb�b samples.To determine KW+jets, the number of seleted W +light parton and Wb�b events in alpgen (NMCW+jets) issaled to math the data (NdataW+jets) ontribution:KW+jets = NdataW+jetsNMCW+jets (2)The fators KW+jets are alulated separately for theeletron and muon hannel samples and separately forboth theW+2 jet andW+3 jet seletions. The obtainedfators are found to be onsistent within their statisti-al and systemati unertainties and are shown, after a-ounting for NLO orretions to the ross setion [44℄(already inluded in the generated samples), in Table I.The values are in the range KW+jets � 1:0� 1:16 for theW+2 jet and KW+jets � 1:12 � 1:35 for the W+3 jetseleted samples. The assigned systemati unertaintiesare desribed in Se. X.

TABLE I: The experimental KW+ jets fators (applied aftertaking into aount the theoretial fator of 1.3) and theSWb�b heavy �avor fators in zero b-tagged sample (afteraounting for the theoretial heavy �avor K-fator of 1.47forW+ jet). The errors shown are data statistial errors only.KW+2 jets KW+3 jets SWb�bpre-2006 e 1.10 � 0.01 1.21 � 0.03 0.78 � 0.09� 1.16 � 0.01 1.35 � 0.03 0.99 � 0.11post-2006 e 1.05 � 0.01 1.12 � 0.01 1.14 � 0.06� 1.10 � 0.01 1.21 � 0.01 1.02 � 0.06As indiated above, the fator SWb�b is applied addi-tionally only to the Wb�b heavy parton events:NMCW+jets = NMCW+light + SWb�bNMCWb�b (3)(the same fator is used for the W (! l�)b�b and W (!l�)� generated samples and for the orresponding Z=�heavy �avor samples). The heavy �avor fator SWb�b isextrated by requiring either zero, one, or two b-tags (seeSe. V) to obtain samples ontaining N tag,dataW+jets events.The number of predited W+jet events, N tag,MCW+jets, in thetagged samples, after appliation of the saling fatorKW+jets, is given by N tag,dataW+jets = KW+jetsN tag,MCW+jets, andthe heavy �avor ontribution an therefore be extratedfrom N tag,dataW+jets = Ndata �NMJ �NMCSMNMCW+light + SWb�bNMCWb�bN tag,MCW+jet : (4)The heavy �avor sale fators, determined using sam-ples requiring zero b-tagged jets are also shown in TableI. The fators are applied separately for the eletron andmuon hannel samples and also for data before and afterthe D0 upgrade. The luminosity weighted average of thefators is found to be onsistent with the theoretiallyexpeted value [44℄.VII. MULTIJET BACKGROUNDThe total MJ bakground ontribution entering eah ofthe �nal seleted signal samples is determined from thedata, prior to the appliation of b-tagging, using the pre-sription of [24℄. The MJ ontributions are determined inonjuntion with the previously desribed alpgen nor-malization fators. Multijet templates are obtained fromontrol samples in the data and normalized through a �2�t to the W boson transverse mass distribution. For thedetermination of the MJ ontribution, the alpgen nor-malization fators desribed in Ses. VI A and VI B arevaried in onjuntion with the MJ normalization, suhthat the total number of predited MC and MJ eventsagrees with the total number of data events prior to theappliation of b-tagging.
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FIG. 1: [olor online℄ The probability for MJ bakgroundevents to enter the �nal e+2 jet (post-2006 upgrade) sample.The solid, dashed, and dotted urves represent the result of�tted parameterizations in eah interval.For both the eletron and muon seleted events, addi-tional data samples seleted with the muh looser lepton-identi�ation riteria (see Se. IV) are used. Events en-tering the looser samples (L) are a ombination of trueleptoni events and MJ bakground in whih a jet ismisidenti�ed as a lepton. Upon appliation of the tighter(T) �nal seletion riteria the remaining ontributions oftrue leptoni and bakground events depend upon the(relative) e�ieny �L̀T for true leptons to subsequentlypass the �nal seletion riteria, and the probability PMJLTthat MJ bakground events in the looser sample subse-quently enter the tighter, �nal signal samples. A weightwi is assigned to eah event i in the looser seleted sam-ples aording towi = PMJLT;i�L̀T;i � PMJLT;i [�L̀T;i ��i℄ (5)where �i = 1 if the event i in the loose sample passesthe tight seletion requirements and is zero otherwise.The total MJ bakground ontributions in the �nal sig-nal samples are given by the sum of the event weightswi in the orresponding loose samples. The e�ienies�L̀T;i are funtions of lepton pT and are determined fromZ=� ! l+l� events. The probabilities PMJLT;i are deter-mined from the measured ratio of the number of eventsin the �nal to loosely-seleted samples after orretingeah sample for the expeted MC ontribution from theleptons in the spei� kinemati interval. For both the�nal eletron and muon samples, the probability for MJevents to enter the �nal seleted samples is extrated inthe region 5 < 6ET < 15 GeV (and without applying theadditional requirement on 6ET in Eq. 7 of Se. VIII).
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FIG. 3: [olor online℄ Comparison of simulated events, inluding data-determined MJ bakground, to the W+2 jet seleteddata (blak points) for (a) isolated lepton pT , (b) missing event transverse energy ET , () transverse mass of the (l; 6ET ) system,(d) pT of W boson andidates, (e) leading jet pT , (f) pT of the seond leading jet, (g) salar sum of the pT of jets in the event(HT ), (h) transverse momentum of the dijet system, (i) separation �R and (j) azimuthal separation �� for the two jets. Theexpetation for a WH signal at MH = 115 GeV has been saled up by a fator of 300. The eletron and muon seleted samplesare ombined in the �gures.
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FIG. 4: [olor online℄ Dijet invariant mass distribution for the W+2 jet seleted samples on linear and logarithmi sales for(a), (d) no b-tagging, (b), (e) events that ontain two b-tagged jets, and (), (f) events that fail the two-tagged requirement,but ontain a single NN b-tagged jet. The expetation for aWH signal atMH = 115 GeV has been saled up by a fator of ten.entering the loose sample is smaller in the muon hannelthan in the eletron hannel. Consequently, the misiden-ti�ed jet probability is parameterized in only two regions(j��(6ET ; �)j < �=2 and �=2 < j��(6ET ; �)j < �) of az-imuthal separation ��(6ET ; �) between the muon pT andthe 6ET vetors. In both pre-2006 and post-2006 upgradedata, the misidenti�ation probability is parameterizedusing a third-order polynomial in muon j�j2. The samefuntions are applied to both the muon W+2 jet andW+3 jet seleted samples.VIII. EVENT SELECTIONThis setion desribes the seletion of data samplesontaining events with a single reonstruted lepton, 6ET ,and either two or three jets of transverse momentumpT > 20 GeV, at least one of whih is required to beonsistent with having evolved from a b quark. The sam-ples are from data olleted between 2002 and June 2009at ps = 1:96 TeV. Candidate W bosons are seletedby requiring an eletron or a muon with transverse mo-

menta pT > 15 GeV and 6ET > 20 GeV. Eletrons arerequired to be in the pseudorapidity region j�j < 1:1 or1:5 � j�j � 2:5 and muons in the region j�j < 1:6. Theseleted W ! e� and W ! �� andidate events aredivided into samples ontaining exatly two or exatlythree reonstruted jets. Jets are required to be in the re-gion j�j < 2:5. A seletion on theHT of the jets, HT > 60and > 80 GeV, is also applied to the W+2 jet and W+3jet samples, respetively, and the event PV is required tobe reonstruted within zPV = �40 m of the enter ofthe detetor. At least three harged traks are requiredto be assoiated to that vertex.Distributions of lepton pT and 6ET are ompared tothe sum of the expeted SM bakground ontributionsand data-determined MJ bakground for the W+2 jetseleted sample, whih has the largest statistis of allseleted samples, in Figs. 3(a) and (b). The eletron andmuon deay hannel samples are ombined in the �gures,and all orretions to the bakground simulations havebeen applied. Details of the bakground estimates aregiven in Se. VI and Se. VII.To suppress Z=� ! `+`� and t�t bakground events
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FIG. 5: [olor online℄ Dijet invariant mass distribution for the W+3 jet seleted samples on linear and logarithmi sales for(a), (d) no b-tagging, (b), (e) events that ontain two b-tagged jets, and (), (f) events that fail the two-tagged requirement,but ontain a single NN b-tagged jet (the two leading jets in the W+3 jet samples are used to form the dijet invariant mass).The expetation for a WH signal at MH = 115 GeV has been saled up by a fator of ten.and to avoid double-ounting events in Higgs searhesbased on dilepton �nal states, events with additional ele-trons or muons isolated from jets that pass p eT > 20 GeVand p�T > 15 GeV are rejeted. Events ontaining iso-lated high-pT � leptons that deay hadronially are alsorejeted by requiring p�T < 10 GeV or p�T < 15 GeV,depending on the � deay hannel [47℄.The transverse mass of theW boson andidates (MWT )is reonstruted from the (`; 6ET ) system using the leptontransverse energy (ET̀ ), 6ET , and the azimuthal separa-tion ��(`; 6ET ) between the isolated lepton and the 6ETvetor: MWT = [2ET̀ 6ET [1� os��(`; 6ET )℄℄ 12 : (6)The distribution ofMWT for seletedW boson andidatesis shown in Fig. 3(). In addition to the dominant on-tribution from events with real W boson deays, thereis a signi�ant omponent from MJ events whih on-tribute mainly at small values of MT . Consequently thelower signal-to-bakground region at low 6ET is rejeted

by requiring MWT > 40(GeV)� 0:56ET : (7)The pWT distribution for the W boson andidates isompared to the sum of the expeted SM and MJ bak-ground ontributions, prior to the requirement in Eq. 7,in Fig. 3(d).Kinemati jet properties for the seletedW+2 jet sam-ple are also ompared to the sum of the expeted SMbakground ontributions, inluding MJ bakground, inFig. 3. The orreted eletron and muon hannel samplesare ombined in the �gure. The bakground preditionprovides an adequate desription of the data for all thedistributions.To inrease the �nal sensitivity, both the W+2 jetand W+3 jet samples are subdivided into statistiallyindependent samples based on whether one or two ofthe leading jets in the event are onsistent with havingbeen initiated by a b quark, as disussed in Se. V. The�rst sample requires two jets, both with NN output val-ues larger than a �loose� requirement (�loose-tag�). Theseond sample, seleted from events that fail the two-
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FIG. 6: [olor online℄ Comparison of the expeted bakgrounds to the two-b-tagged jet data sample in W+2 jet seleted events.The expetation for a WH signal at MH = 115 GeV has been saled up by a fator of ten.



15tag requirement, requires a single jet with a NN outputabove a larger �tight� value requirement (�tight-tag�). Intwo-b-tagged jet events, the typial e�ieny for iden-tifying a pT = 50 GeV jet that ontains a b hadron is(59 � 1)% with a misidenti�ation probability of 1.5%for light parton (u; d; s; g) initiated jets. In the single-b-tagged jet event sample, the typial e�ieny for iden-tifying a pT = 50 GeV jet that ontains a b hadron is(48 � 1)%, with a lower misidenti�ation probability of0.5% for light parton (u; d; s; g) initiated jets. Eventsthat do not satisfy either of these tagging requirementsare not onsidered further in the analysis.The tagging e�ienies for jets that have passed thetaggability requirements are studied in data and the e�-ienies are applied to the simulation via event weights.These weights depend on the pT , �, and partoni �avorof eah tagged jet. In two b-tagged events, the eventweights are given by the produt of the weights of thetwo b-tagged jets. In single-b-tagged jet events, the �nalevent weight also aounts for the simulated ontributionof two-b-tagged jet events whih �migrate� to the simu-lated single-b-tagged jet samples.Distributions of dijet invariant mass, prior to b-tagging, after requiring two b-tags, and for single-b-tagged events, are shown for the W+2 jet and W+3 jetseletions in Figs. 4 and 5, respetively. The sums ofthe expeted bakgrounds are ompared to the data, andthe eletron and muon hannel samples are again shownombined in eah �gure. Comparisons of kinemati prop-erties in W+2 jet events are shown in Figs. 6 and 7 forthe two- and single-b-tagged samples, respetively. Theexpeted signal ontribution at MH = 115 GeV is shownsaled by a fator of ten in eah �gure.The total event yields for eah of the b-tagged samples,in data and in simulation, are summarized in Table II.In two-b-tagged jet events, the dominant bakgrounds arefrom Wb�b and t�t proesses. In single-b-tagged jet events,the dominant bakgrounds are W boson prodution inassoiation with light or -quark jets as well as t�t pro-dution and MJ events. The expeted number of signalevents in eah sample is listed for an assumed Higgs massMH = 115 GeV. The unertainties quoted are the om-bined statistial and systemati unertainties, and thesystemati unertainties are those prior to the applia-tion of the �tting proedure applied when determiningross setion upper limits desribed in Se. XI.IX. MULTIVARIATE DISCRIMINANTTo separate the remaining bakground from the sig-nal, a multivariate random forest (RF) disriminant teh-nique [4, 5℄ is applied independently to eah of the 16 sub-samples, de�ned by ategorizing events by lepton �avor(eletron or muon), jet multipliity (2 jets or 3 jets), b-tag multipliity (single- or two-b-tagged), and pre- andpost-upgrade data. The RF tehnique employs a setof deision trees, eah of whih applies a series of on-

TABLE II: Event yields for the W+2 jet and W+3 jetsamples after requiring two b-tagged jets or a single b-taggedjet in the events. The expeted ontributions to the totalbakground from the simulated W+light, data-derived mul-tijet (MJ), and simulated Wb�b, t�t, single top quark, and WZdiboson samples are also listed. The unertainties quotedare the ombined statistial and systemati unertainties(prior to the appliation of the �tting proedure appliedwhen determining ross setion upper limits). The expetedsignal ontribution is shown for an assumed Higgs massMH = 115 GeV.W+2 jet W+2 jet W+3 jet W+3 jet2 b-tag 1 b-tag 2 b-tag 1 b-tagW+light 57.5 � 9.2 1290 � 201 12.1 � 1.8 210 � 35MJ 56.5 � 4.2 663 � 43 12.7 � 1.0 186 � 13Wb�b 346 � 93 1601 � 383 47.8 � 12.9 358 � 90t�t 177 � 35 417 � 54 176 � 35 633 � 96s-top 58.3 � 11.4 203 � 33 13.0 � 2.7 53.6 � 9.1WZ 22.5 � 3.3 152.6 � 17.6 2.6 � 1.1 33.9 � 4.8Total 718 � 120 4326 � 501 264 � 44 1474 � 160Data 709 4316 301 1463WH 6.5 � 1.0 9.7 � 0.9 0.8 � 0.2 2.1 � 0.3seutive binary deisions trained on simulated events ofknown origin until a prede�ned stopping on�guration isreahed. Half of the simulated events are used for train-ing and validation, and the remaining half are used toestimate the relative ontributions of signal and bak-ground in the data.Eah individual deision tree examines an initial inputevent training sample and applies seletion riteria on alist of potentially disriminating variables to subdividethe training sample into smaller signal or bakgroundregions referred to as nodes. At eah step, the seletionriterion is hosen to maximize the positive ross entropy��gure of merit� valueQ = �p ln p� q ln q; (8)where p (q) is the fration of orretly (inorretly) las-si�ed events at eah stage. The proess is ontinued un-til a pure signal or pure bakground node is obtained,and the remaining node regions an no longer be furthermaximized and split without leaving fewer than a pre-spei�ed minimum number of events in the other daugh-ter samples. The resulting output nodes are referred toas leaves.For eah of the subsamples, the deision tree algorithmis run multiple times to reate the forest and variants ofthe default training sample are used for eah deision treewithin eah RF. The outputs of the deision trees withineah RF are ombined to yield �nal RF output distri-butions. The deision tree samples are obtained usingbootstrap aggregation (�bagging�), and a random subsetof thirteen of the twenty input disriminating variabledistributions are assigned within eah deision tree toreate the forest. Varying the number of input variables
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FIG. 7: [olor online℄ Comparison of the expeted bakgrounds to the single-b-tagged jet data sample in W+2 jet seletedevents. The expetation for a WH signal at MH = 115 GeV has been saled up by a fator of ten.



17TABLE III: Desription of the twenty kinemati inputquantities provided to eah random forest disriminant.RF Input Variable Desription6ET Missing transverse energyMTW Lepton-6ET transverse masspT (`-6ET system) pT of W boson andidatepT (j1) Leading jet pTpT (j2) Sub-leading jet pTmjj Dijet invariant masspT (dijet system) pT of dijet system�R(j1,j2) �R between the two leading jets��(j1,j2) �� between the two leading jetsHT Salar sum of the transversemomenta of all jets in the eventHZ Salar sum of the longitudinalmomenta of all jets in the event��(j1, `) �� between the leading jetand the leptonE(j2) 2nd leading jet energypŝ1 = �E(�1 + `+ jets) Center-of-mass energy of the�+`+dijet system with largersolution for the longitudinalmomentum of the � andidatepŝ2 = �E(�2 + `+ jets) Center-of-mass energy of the�§ �+`+dijet system with smallersolution for the longitudinalmomentum of the � andidate�R(dijet,`+ �1) �R between the dijet systemand the `+ � system with largersolution for the longitudinalmomentum of the � andidate�R(dijet,`+ �2) �R between the dijet systemand the `+ � system with smallersolution for the longitudinalmomentum of the � andidateAplanarity 32�3, where �3 is the smallesteigenvalue of the normalizedmomentum tensor:Mij = (��p�i p�j )��j�p�i j2where � runs over jets andthe harged lepton and p�i isthe i-th 3-momentum omponentof the �-th physis objet.os(��) Cosine of angle between the Wandidate and nominal protonbeam diretion in the zeromomentum frame (see Ref. [48℄)os(�) Cosine of angle between leptonand rotated 3-momentum vetorof the dijet system in the produtionplane of the W boson rest frame [48℄used by �1 is found to have a negligible e�et on the RFoutput.The twenty input variables used to build the RF dei-sion are optimized in dediated studies of their disrim-inating power and are listed, together with their de�-nitions, in Table III. Agreement between the data and

the total MC and data-determined bakground estimatesare obtained for eah input variable distribution for boththe two-b-tagged and single-b-tagged samples as well asfor the full sample prior to the appliation of b-tagging.The same set of input variables is used for the W+2 jetand W+3 jet samples. In addition to the ten variablesalready disussed in Se. VIII, and displayed in Figs. 6and 7, a further ten disriminating variables are providedto eah RF and these are shown for the W+2 jet sample,after the appliation of two and one b-tag requirementsto the events, in Figs. 8 and 9, respetively. Two inputdistributions are provided for pŝ and �R(dijet,` + �)orresponding to eah of the two solutions for the lon-gitudinal momentum omponent of the missing energyvetor (assuming the lepton and 6ET are deay produtsof an on-shell W boson). The angles �� and � are in-luded to exploit kinemati di�erenes arising from theexpeted spin-0 nature of the Higgs and non-spin-0 na-ture of the Wb�b bakground. The angle �� is the anglebetween the W boson andidate and the nominal protonbeam diretion in the zero momentum frame, and � isthe angle between the harged deay lepton and rotated(prodution plane) three-momentum vetor of the dijetsystem after boosting to the W boson rest frame [48℄.Eah RF is trained simultaneously using all simulatedbakgrounds soures (the MJ ontribution is exluded)for eah simulated Higgs mass point, and the proess isrepeated for eah of the 16 subsamples. The minimumnumber of events in a leaf is tuned in separate studies andthe number whih maximizes the sensitivity is seleted.The number of deision trees used within eah forest isalso studied and tuned using the proedure of [49℄.The resulting RF output distributions are shown inFigs. 10 and 11 for the two- and single-b-tagged jet re-quirements in the �nal W+2 jet and W+3 jet samples,respetively. The eletron and muon hannel sampleshave been ombined in the �gures, and the pre-upgradeand post-upgrade samples are also ombined in the �g-ures. The �gures show the results obtained using theMH = 115 GeV signal samples. An improved separa-tion of simulated signal and bakground ontributions, isobtained in all ases.X. SYSTEMATIC UNCERTAINTIESThe impat of eah possible soure of systemati un-ertainty is assessed separately for the signal and for allbakgrounds, for eah of the sixteen statistially indepen-dent samples, and ategorized aording to whether it af-fets the normalization and the shape (shape systemati)of the RF disriminant output distributions or whether itonly a�ets the normalization of signal and bakgrounds.A full analysis is repeated after individually varying eahsoure by �1 standard deviation (s.d.) in the simula-tion, exept where noted otherwise (the unertainty inthe MJ bakground modeling is determined separatelyfrom data). After eah variation, the simulated and MJ
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FIG. 8: Comparison of the total bakgrounds to data for the additional variables provided as inputs to the Random Forests.The distributions are ompared after requiring two-b-tagged jets in W+2 jet events. Eah variable is de�ned in Table III. Theexpetation for a WH signal at MH = 115 GeV has been saled up by a fator of ten.



19bakground yields are normalized to the seleted datasamples prior to the appliation of b-tagging.The systemati unertainty assigned to the data-determined e�ieny of the triggers used in the eletronhannel is (3�5)%. In the muon hannel, where the fulllist of available triggers is used, a omparable unertaintyof (3�4)% is assigned. In the muon hannel, this uner-tainty arises from a normalization unertainty of 2%, ob-tained after omparing results using the single high-pTmuon and the full list of triggers, and a shape systematiof (1�3)% as a funtion of jet pT , applied to the non-single-muon trigger e�ieny. The shape systemati isobtained by omparison of the single high-pT muon andnon-single-muon triggered omponents of the dataset.The unertainty on the identi�ation and reonstru-tion of isolated eletrons, as well as their energies, af-fets the shapes of the eletron hannel RF distributionsand is (5�6)%. In the muon hannel, the unertaintyomprises three ontributing soures: an unertainty of0.8% applied to the pre-upgrade muon identi�ation e�-ieny (a 1.2% unertainty is applied to the post-upgradesamples, whih is inreased for muon pT < 20 GeV byadding 2% in quadrature), an unertainty in the orre-sponding trak reonstrution of 2.3% (pre-upgrade) and1.4% (post-upgrade), and an unertainty of 3.8% (pre-upgrade) and 0.9% (post-upgrade) on the sale fatorsused to orret the e�ienies for muons to pass isola-tion riteria in the MC to those measured in the data.Soures of systemati unertainty on the seletion andreonstrution of jets are the jet resolution and jet energysale, as well as the jet identi�ation e�ieny and vertexon�rmation requirement (applied to the post-upgradepart of the dataset). Shape unertainties for jet reso-lution and jet energy sale are determined by varyingparameters in the jet resolution funtion and the energysale orretion and repeating the analysis using the kine-matis of the modi�ed jets. The size of this e�et on theRF distribution depends on the sample and proess andis in the range 15% to 30%. The jet identi�ation andvertex on�rmation unertainties are eah determined byrandomly reduing the number of jets that remain in sim-ulation (the +1 s.d. result is then obtained by invertingthe �1 s.d. result). The resulting RF shape system-ati unertainty is about 5%. Due to low statistis afterb-tagging for the W+light and WZ samples, the jet sys-temati unertainties applied for these bakgrounds aredetermined prior to b-tagging.The unertainty on the jet taggability requirement isdetermined by varying the jet taggability orretion fa-tors. The taggability unertainty a�ets the shapes of theRF output distributions and is about 3%. The RF shapeunertainty for the response of the b-tagging algorithm isapplied separately for light and heavy �avored jets andis typially (2.5�3.0)% for single-tagged heavy �avor jetsand in the range (1�4)% for single-tagged light jets (thelight-quark jet mistag probability unertainty is of order10%). The RF unertainty is approximately doubled inthe samples requiring two b-tagged jets.

Unertainties in the predited t�t, single top quark, anddiboson ross setions are taken from [40, 43, 44℄ anda�et the normalizations of the bakgrounds. The un-ertainty on the CTEQ6L parton density funtion is es-timated following the presription of [38℄. The alpgen-generated samples inlude additional normalization fa-tors that hange their visible ross setions, and their un-ertainties are determined separately. The unertaintyin the reweighting proedure applied to the alpgen-generated event samples a�ets the shape of the alpgenRF output distributions and are typially of the order2%. The unertainty on the alpgen sale fatorKW+jetsis 6% and the unertainty on SWb�b is 20%. The renor-malization and fatorization sales used in alpgen arevaried by adjusting eah sale simultaneously, by fatorsof 0.5 and 2.0. This a�ets the shapes of the alpgenRF output distributions, and the resulting unertainty isof the order 2%, as is the unertainty arising from thehoie of value for the strong oupling onstant �S . Theunertainty on the MLM fatorization sheme used tomath alpgen partons to one jets is propagated to theRF distribution and results in a systemati unertaintyof about 2%.The unertainty in the MJ bakground modeling is ob-tained from the data. It is determined by varying theparameterization of the e�ieny for loosely seleted lep-tons to enter the �nal seleted sample and by also vary-ing the misidenti�ed jet probabilities. The MJ uner-tainties are antiorrelated with the normalization of thealpgen samples, and this is taken into aount in thelimit setting proedure. The overall experimental sys-temati unertainty assigned to the WH distributions isabout 6%. The unertainty of the experimentally mea-sured integrated luminosity is treated separately. Theunertainty is 6:1% [22℄ and is fully orrelated betweenall of the simulated bakground samples.XI. UPPER LIMITS ON THE WH CROSSSECTIONNo exess of events is observed with respet to thebakground estimation and upper limits are therefore de-rived for the WH prodution ross setion multiplied bythe orresponding H ! b�b branhing ratio (BR) in unitsof the SM predition. The limits are alulated usingthe modi�ed frequentist CLs approah [50, 51℄, and theproedure is repeated for eah assumed value of MH .Two hypotheses are onsidered: the bakground-onlyhypothesis (B), in whih only bakground ontributionsare present, and the signal-plus-bakground (S+B) hy-pothesis in whih both signal and bakground ontribu-tions are present.The limits are determined using the RF output distri-butions, together with their assoiated unertainties, asinputs to the limit setting proedure. To preserve thestability of the limit derivation proedure in regions ofsmall bakground, the width of the bin at the largest
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FIG. 9: Comparison of the total bakgrounds to data for the additional variables provided as inputs to the Random Forests.The distributions are ompared after requiring a single-b-tagged jet in W+2 jet events. Eah variable is de�ned in Table III.The expetation for a WH signal at MH = 115 GeV has been saled up by a fator of ten.
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FIG. 10: [olor online℄ Output RF distributions on linear and logarithmi sales for (a), () single (1b-tag) and (b), (d)two-b-tagged W+2 jet events. The expetation for signal at MH = 115 GeV (solid blak line) is saled by a fator of ten.RF output value is adjusted by omparing the total Band S+B expetations until the statistial signi�anefor B and S+B is, respetively, greater than � 3.6 and5.0 standard deviations from zero. The remaining part ofthe distribution is then divided into 23 equally-sized bins.The rebinning proedure is heked for potential biasesin the determination of the �nal limits, and no suh biasis found.The result for eah hypothesis is obtained by test-ing the outome of a large number of simulated pseudo-experiments. For eah pseudo-experiment, pseudo-dataare drawn from the RF distributions, by randomly gener-ating the pseudo-data aording to a Poisson statistialparent distribution for whih the mean is either takenfrom the bakground-only or signal-plus-bakground hy-pothesis. A negative Poisson log likelihood ratio (LLR)test statisti is used to evaluate the statistial signi�-ane of eah experiment, with the outomes ordered interms of their statistial signi�ane. The frequeny ofeah outome de�nes the shapes of the resulting LLRdistribution, for both the bakground-only and signal-plus-bakground hypotheses, at eah mass point.Systemati unertainties are de�ned through nuisaneparameters that are assigned Gaussian probability dis-tributions (priors). The signal and bakground predi-

tions are taken to be funtions of the nuisane parametersand eah nuisane parameter is sampled from a Gaussianprobability distribution in eah pseudo-experiment. Theorrelated systemati unertainties aross hannels (suhas the unertainties on predited SM ross setions, iden-ti�ation e�ienies, and energy alibration, as desribedin Se. X) are also taken into aount in the limit settingproedure [52℄.The inlusion of systemati unertainties in the gener-ation of pseudo-experiments has the e�et of broadeningthe LLR distributions and, thus, reduing the ability toresolve signal-like exesses. This degradation an be par-tially redued by performing a maximum likelihood �tto eah pseudo-experiment (and data), one eah for theS+B and the bakground-only hypotheses. The maxi-mization is performed over the systemati unertainties.The LLR is evaluated for eah outome using the ratioof maximum likelihoods for the �t to eah hypothesis.The medians of the obtained bakground-only LLRdistributions for eah tested mass point are summa-rized in Fig. 12. The resulting medians of the signal-plus-bakground hypothesis LLR distributions are alsoshown. The orresponding �1� and �2� values for thebakground-only hypothesis at eah mass point are rep-resented by the shaded regions in the �gure. The LLR
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FIG. 11: [olor online℄ Output RF distributions on linear and logarithmi sales for (a), () single (1b-tag) and (b), (d)two-b-tagged W+3 jet events. The expetation for signal at MH = 115 GeV (solid blak line) is saled by a fator of ten.values obtained from the data are also summarized in the�gure.The RF disriminant distributions after thebakground-only pro�le �t are shown in Fig. 13 af-ter subtrating the total bakground expetation, forthe Higgs boson mass points MH = 100; 115; 130; and140 GeV. The signal expetations are shown saledto the �nal observed upper limits (rounded to thenearest integer) in eah ase, and the unertainties inthe bakground before and after the onstrained �t areshown by the shaded bands and solid lines, respetively.Upper limits are alulated at 11 disrete values of theHiggs boson mass, spanning the range 100�150 GeV andspaed in units of 5 GeV, by saling the expeted signalontribution to the value at whih it an be exluded atthe 95% C.L.. The expeted limits are alulated fromthe bakground-only LLR distribution whereas the ob-served limits are quoted with respet to the LLR valuesmeasured in data. The expeted and observed 95% C.L.upper limits results for the WH ross setion multipliedby the branhing ratio H ! b�b are shown, as a funtionof the Higgs boson mass MH , in units of the SM predi-tion in Fig. 14. The values obtained for the expeted andobserved limit to SM ratios at eah mass point are listedin Table IV (the unertainty in the predited WH ross

setion is available in [37℄).TABLE IV: The expeted and observed 95% C.L. limitsfrom the likelihood �t, maximized over systematis, as afuntion of the hypothetial Higgs mass MH . The limits arepr esented as ratios of �(p�p ! WH) � BR(H ! b�b) to theexpeted SM predition.Combined 95% C.L. Limit =�SMHiggs Mass [GeV℄ Expeted Observed100 3.3 2.7105 3.6 4.0110 4.2 4.3115 4.8 4.5120 5.6 5.8125 6.8 6.6130 8.5 7.0135 11.5 7.6140 16.5 12.2145 23.6 15.0150 36.8 30.4
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